Abstract. Processed pseudogenes are generated by reverse transcription of a functional gene. They are generally nonfunctional after their insertion and, as a consequence, are no longer subjected to the selective constraints associated with functional genes. Because of this property they can be used as neutral markers in molecular evolution. In this work, we investigated the relationship between the evolution of GC content in recently inserted processed pseudogenes and the local recombination pattern in two mammalian genomes (human and mouse). We confirmed, using original markers, that recombination drives GC content in the human genome and we demonstrated that this is also true for the mouse genome despite lower recombination rates. Finally, we discussed the consequences on isochores evolution and the contrast between the human and the mouse pattern.
Introduction
G+C content varies along mammalian chromosomes at a scale of hundreds of kilobases to megabases (Bernardi 2000; IHGSC 2001; MGSC 2002) . These regions of similar composition are referred to as isochores (Bernardi et al. 1985) . The isochore structure is strongly conserved in all mammalian genomes (Mouchiroud and Bernardi 1993; Clay et al. 2003) except rodents . It has been shown previously that the GC content of rodent genomes, especially murid genomes, was less heterogeneous than that of other mammals (i.e., GC-rich genes are less GC rich in murids than in other mammals, and conversely for GC-poor genes ). The comparison of murine and human complete genomes has confirmed the relative homogeneity of base composition in mouse (MGSC 2002) . The question of the origin and evolution of isochores is vigorously debated. Several models have been proposed to explain the emergence and evolution of isochores (for review see Eyre-Walker and Hurst 2001) . Some authors suggested that isochores are the result variations in the pattern of mutation (variable mutational bias [VMB] [Wolfe et al. 1993; Francino and Ochman 1999; Matassi et al. 1999; Lercher and Hurst 2002; Subramanian and Kumar 2003; Filatov and Gerrard 2003]) . Two other models predict that variations in GC content are due to bias in fixation of AT toward GC mutations because of selection for GC (Bernardi and Bernardi 1986; Charlesworth 1994; Eyre-Walker 1999; Bernardi 2000) or a neutral process called GC-biased gene conversion (GC-BGC) (for review see Eyre-Walker 1993; Galtier et al. 2001; Smith et al, 2002; Webster et al, 2003; Galtier 2003; Marais 2003) . In meiotic recombination, parental chromosomes form heteroduplexes (DNA with one strand from the male and one strand from the female) in which there can be AT/GC heteromismatches (Lamb 1984) . If subjected to the effect of GC-BGC, these mismatches are preferentially repaired in GC in mammalian genomes (Brown and Jiricny 1998; Bill et al. 1998; Kudla et al. 2004) . This leads to a fixation bias toward GC alleles in regions affected by GC-BGC. Those regions are difficult to identify but here we assumed that GC-BGC and crossing-overs (COs) are correlated because they both are recombination outcomes. Therefore, in genomes with GC-BGC, a link is expected between CO rates (designated recombination rates) and GC content evolution.
Recently, several authors have reported a positive but weak correlation between GC content and CO rate in the human genome (r 2 =0.09 [Fullerton et al. 1999] ; r 2 = 0.15 [Kong et al. 2002] ; r 2 = 0.13 [Huang et al. 2005] ). But the correlation is very weak (McVean et al. 2004 ). More recently, using a different approach, Meunier and Duret (2004) have estimated the substitution pattern in human genome by comparing long noncoding regions (introns, intergenic DNA) from humans, chimps, and baboons. They calculated the GC content toward which sequences are evolving according to the current substitution pattern (also called GC content at equilibrium, or GC*). They observed a strong and positive correlation between recombination rate and GC* in the human genome (r 2 = 0.6 [Meunier and Duret 2004] ). They concluded that (1) recombination drives evolution of GC content in the human genome, and (2) GC*, calculated on recently diverged sequences, is more appropriate than current GC for the study of dynamic processes such as recombination on genome evolution.
The aim of the present article is to determine the impact of recombination on the evolution of GC content in mammalian genomes. For this purpose, we have analyzed the substitution pattern of neutral markers, processed pseudogenes (Vanin 1985; Mighell et al. 2000) , located in regions with various recombination rates in the complete human and mouse genomes. Processed pseudogenes arise by reverse transcription of mRNAs and integration of the resulting cDNAs into the genome (Esnault et al. 2000; Pavlicek et al. 2002) . They lack promoters and are generally nonfunctional once integrated into the genome. They therefore freely accumulate substitutions or indels. Because of these characteristics, processed pseudogenes are considered good neutral markers for studying genome evolution (Casane et al. 1997; Francino and Ochman 1999; Zhang and Gerstein 2003) . Using these neural markers, we reevaluated the relationship between recombination rate and GC* in the human genome, looked for this relationship in the mouse genome, and compared the results for both species.
Materials and Methods

Dataset of Processed Pseudogenes
5206 human and 3428 mouse processed pseudogenes corresponding, respectively, to 2066 human and 1344 murine reverse transcribed genes have been extracted from the HOPPSIGEN database developed in our laboratory (Khelifi et al. 2005 ) using the WWW-query system (Perriere et al. 2003) . The recombination pattern may be subjected to very quick changes in a genome as has been demonstrated in Drosophila (True et al. 1996) and more recently in human (Ptak et al. 2004; Yi et al. 2004; Galtier 2004 ) and mouse PAR regions (Montoya-Burgos et al. 2003) . So, in order to observe and compare the impact of recombination on mammalian genome evolution, we need to study only recently inserted processed pseudogenes of the same age. Assuming a neutral substitution rate of 2.2 · 10 )9 and 4.5 · 10 )9 per nucleotide per year, respectively, for human and mouse (MGSC 2002) , we have retained only processed pseudogenes having a divergence with their functional paralogues of less than 5% for human (at least 95% similarity) and 10% for mouse (at least 90% similarity). Under the neutral model, these should correspond to pseudogenes inserted less than about 22.5 Myr ago in the human genome and 22 Myr ago in the mouse genome. This gave 473 human and 1366 mouse processed pseudogenes. After removing sequences generated by duplication of an existing element, we retained for this study 427 human and 1322 mouse processed pseudogenes.
Alignments
In order to estimate GC content at equilibrium (GC*) in the processed pseudogenes, we analyzed the pattern of substitutions. For this purpose, we built alignments among the processed pseudogene, the coding sequence (CDS) of its functional paralogue, and the CDS of the orthologue taken from either mouse or human. To estimate the GC* in the mouse genome, we have used orthologous genes from human, and conversely to estimate the GC* in the human genome. We extracted orthologous genes from the HOVERGEN database (Duret et al. 1994) . Half of all human and mouse coding genes have a known orthologous gene in HOVER-GEN, but we were not able to retrieve orthologues for all processed pseudogene paralogues. Using CLUSTALW (Thompson et al. 1994 ) with default parameters, we aligned the two translated CDS from the functional orthologue and paralogue and used the alignment as a nucleic profile in CLUSTALW for alignment of the processed pseudogene sequence with it. We then refined the alignments by hand using SEAVIEW (Galtier et al. 1996) . Finally, we generated 239 human and 500 mouse processed pseudogenes triple alignments.
Inferring Substitution Rates
The pattern of substitutions in the processed pseudogene was analyzed using parsimony on informative sites: a substitution from nucleotide X to nucleotide Y was inferred when both the human and the mouse functional orthologous genes shared state X, but the pseudogene showed state Y. These were classified as informative sites. We restricted our analyses to the first and second codon positions (i.e., slowly evolving sites in functional genes). The third codon position was excluded because it evolves rapidly and, hence, may be saturated. Sites where the human and mouse functional genes differed were considered noninformative and were discarded from the analysis. We discriminated CpG and non-CpG sites. CpG sites are known to be hypermutable and are subjected to different mutational mechanism than non-CpG sites (Bird 1980) . Each previously selected site was evaluated for being a CpG site using a method described by Meunier and Duret (2004) . We used the third codon position to infer CpG and non-CpG sites on first or second codon position. The relatively low overall pseudogene divergence with their paralogous functional CDS and the restrictive definition of CpG and non-CpG classes make such inferences reliable (less than 5% misinference [Meunier, personal communication] ). The informative sites were divided into three classes: (i) sites not immediately preceded by a 5¢cytosine or followed by a 3¢guanine in any of the three sequences (pseudogene or human or mouse functional gene), i.e., sites that are expected never to have been part of a CpG doublet since pseudogene insertion (CpG-free sites); (ii) sites for which the ancestral pseudogene state inferred by parsimony was part of a CpG doublet (CpG-anc sites); and(iii) other sites. Sites directly flanked at one or both sides by an insertion or a deletion, in at least one of the three sequences, were simply discarded.
Estimation of GC*
The GC content expected at equilibrium was calculated using the model of Arndt and colleagues (2003a, b 
The transition rates at CpG sites (C fi T + G fi A) were estimated using the second site category. We used these values to infer GC* using the available web server (http://evogen.molgen. mpg.de/cgi-bin/server/stationary_properties/stationary_properties. cgi).
Estimation of Local Recombination Rates
The recombination rate in each region where a processed pseudogenes is located was estimated from a dataset of human genetic markers (Kong et al. 2002 ) and a dataset of mouse genetic markers (Dietrich et al. 1996; Blake et al. 2003) . We eliminated markers for which the physical and genetic positions were incoherent with the flanking markers. This left 3493 human and 1404 mouse genetic markers. Given the two genome sizes, there is an average number of 1.2 markers/Mb for the human genome and 0.48 markers/Mb for the mouse genome. In order to estimate processed pseudogene recombination rates, we used a local method based on previously published methods (Hey and Kliman 2002) rather than a global method (Chakravati 1991). The major problem we faced was to get accurate local estimations of recombination rates, which was not possible given the low number and quality of recombination markers available. Indeed, a local method resulted in many cases where we could get an estimation of local recombination rates for only one or two markers around processed pseudogenes. So, we decided to use a method that was intermediate between a local and a global method in order to calculate recombination rates. They were calculated using windows centered on processed pseudogenes. The maximal size for a window was fixed at 8 Mb for the human and 10 Mb for the mouse genome in order to get accurate estimations of recombination rates. This is, according to us, a good compromise between local and global methods. Another constraint was put on the number of markers for each window. We built windows with eight markers, four to each side of the processed pseudogene. Overlapping windows were discarded to avoid having the same estimation of recombination rate for several processed pseudogenes. The local recombination rate (Rec) was calculated for each marker using the formula:
Pgi ,
Ppi with Pgi representing the genetic position (cM) for marker I, and Ppi, its physical position on chromosomes (Mb). The number of markers in 5¢ of the sliding window is designated n 5¢ , and the number of markers in 3¢ of the sliding window n 3¢ . Local recombination rates were estimated for each previous triple alignment. However, the above criteria were not fulfilled for some alignments. The loss was particularly important for the mouse dataset because of the lower marker density.
The data (alignments and tables) are available at http://pbil. univ-lyon1.fr/datasets/khelifi2005/data.html.
Results
Dataset of Processed Pseudogenes
From the 5206 human and 3428 mouse processed pseudogenes in HOPPSIGEN database release 4 (http://pbil.univ-lyon1.fr/databases/hoppsigen.html), 2066 human and 1344 mouse retrotranscribed coding genes were available. From this dataset, 155 human and 126 mouse processed pseudogenes fulfill our criteria as (1) young processed pseudogenes (£ 5% divergence with the functional paralogous gene for human and £ 10% for mouse); (2) comprised in a triple alignment allowing the inference of substitution pattern; and (3) located in a region whose recombination rate could be reliably estimated. These processed pseudogenes are associated with 134 human and 95 mouse functional paralogues. So they were mainly generated by independent reverse transcription events. Substitutions in the first and/or second codon position with a change specific to the processed pseudogene were counted in the alignments of each set of sequences (the processed pseudogene, the corresponding functional gene, and its orthologue). Thus 164,811 human and 102,162 mouse sites were analyzed using parsimony. Among all these sites, 37,945 for human (including 1842 CpG dinucleotides) and 19,574 for mouse (including 1245 CpG dinucleotides) met our criteria and could be used to calculate substitution rates.
The mean recombination rate in the human dataset of processed pseudogenes was approximately twice as high as the mean recombination rate in the mouse dataset (mean human, 1.18 cM/Mb, compared to mean mouse, 0.68 cM/Mb; Wilcoxon test, p = 0). Not only was the mean higher, but also the variance of the recombination rate (0.42 compared to 0.13; Fisher test, p < 0.05). For each species, processed pseudogenes were classified into three groups: low recombinant regions (LR), medium recombinant regions (MR), and high recombinant regions (HR). For statistical reasons, the limits between these classes were set for each species so as to obtain three samples containing approximately the same number of evaluated sites. Tables 1A and 2A show the ancestral GC content of processed pseudogenes inferred by measuring the GC content of functional paralogous genes. Ancestral GC content was not correlated with recombination rates in human (Spearman q = 0.08; p = 0.3126) or in mouse (Spearman q = )0.03; p = 0.709). The ancestral GC content of processed pseudogenes is not significantly increasing or decreasing with respect to recombination. We calculated the present GC content for each processed pseudogene. Similarly, no significant correlation was found between the present GC content in processed pseudogenes and the recombination rate for both species (Spearman q=0.11, p = 0.156, for human and Spearman q = )0.02, p = 0.850, for mouse). The present GC content is lower than the ancestral GC content in mouse processed pseudogenes (49.9% versus 51.6%; Student, p = 0.004) but not in human (46.8% versus 47.7%; Student, p = 0.1021), although we observed the same trend.
Substitution Pattern and GC*
For each former group (LR, MR, and HR) of processed pseudogenes, we calculated seven different substitution rates (see Materials and Methods for details) and then estimated GC content at equilibrium (GC*) using the model of Arndt and colleagues. Tables 1B and 2B show the substitution pattern and GC* for human and for mouse processed pseudogenes in LR, MR, and HR recombinant regions. We found that the GC* increases with recombination rates in both species from LR to HR regions. GC* is significantly lower for processed pseudogenes inserted into LR regions than for processed pseudogenes inserted into HR regions for human (32.7% versus 37.6%; Student, p = 10 )14 ) (Table 1B) and for mouse (37.7 versus 42.5; Student, p = 10 )7 ) ( Table 2B ). The differences of GC* between HR and LR regions are approximately the same in the human genome compared to the mouse genome (4.9% vs. 4.8%), whereas the recombination variance is three times higher in the human genome. Moreover, the mean GC* calculated for the whole dataset of processed pseudogenes is lower in human compared to mouse (mean±confidence interval, 34.4 ± 0.5% versus 40.0 ± 0.7%; Student, p = 0). Expected values of GC* for all recombination regions are always lower than the corresponding ancestral GC content (mean±confidence interval, 34.4 ± 0.5% versus 47.7±1.1% in human and 40.0 ± 0.7% versus 51.6 ± 0.8% in mouse; Student, p = 0). Even the GC content of processed pseudogenes inserted in HR regions shows a strong decrease.
Note: Calculated parameters for the dataset of 155 human processed pseudogenes: The dataset was divided into three parts containing the same number of processed pseudogenes (r £ 0.7984 cM/Mb; r > 0.7984 and £ 1.2948; r > 1.2948). (A) Ancestral GC content is an estimate of GC content of processed pseudogenes at insertion. It was calculated using the number of AT and GC informative sites in the functional homologous gene. The GC content of processed pseudogenes was calculated using the complete processed pseudogene sequences. Confidence intervals were calculated using the definition of a confidence interval for a proportion ð100 Ã 1:96 Ã ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi GCÃ=100Âð1ÀGCÃ=100Þ total number sites q and are given (brackets) for a p-value of 0.05. (B). We calculated 7 substitution rates (see Materials and Methods), including the rate of deamination in CpG sites. f x= x fi f ðy= yÞ -designates the substitution rate from a base X to Y and its complementary. We used the model developed by Arndt and colleagues (Arndt et al., 2003) to calculate GC content at equilibrium (GC*). 46.9 (± 2.1)% 48.5 (± 1.9)% 47.8 (± 1.8)% GC content of processed pseudogenes 45.5 (± 1.9)% 47.6 (± 1.8)% 47.1 (± 1.7)%
Substitution rates Thus, processed pseudogenes are subjected to a strong bias toward AT. Thus, we found the following. (i) GC content at equilibrium in processed pseudogenes differs with respect to recombination rate. This result supports the hypothesis that, in both species, GC content evolution is driven by recombination. (ii) There is a strong bias toward AT, leading to an erosion of GC content in processed pseudogenes.
Discussion
Distinct Recombination Patterns in Mammalian Genomes
In the dataset of processed pseudogenes, the mean recombination rate in human was higher than the mean recombination rate in mouse (1.18 compared to 0.68 cM/Mb), in agreement with a recent comparison of mean recombination rates in human and mouse genomes (1.26 compared to 0.56 cM/Mb) (JensenSeaman et al. 2004) . Moreover, the mean recombination rate in rat genome (0.62 cM/Mb) is also lower than the human one (Jensen-Seaman et al. 2004 ). So, low recombination rates seem to be a general characteristic of the murid lineage compared to the human lineage. The variance of recombination rate in processed pseudogenes was three times higher in human compared to mouse (0.42 compared to 0.13; Fisher test, p < 0.05), in agreement with a recent comparison of the variance of human and murid recombination rates (human, 0.396; mouse, 0.113; rat, 0.117 [Jensen-Seaman et al. 2004] ).
The Impact of Recombination on GC Content Evolution
Several authors have reported a positive but weak relationship between recombination rate and GC content in the human genome (Fullerton et al. 1999; Kong et al. 2002; Huang et al. 2005) . This is probably because recombination rates evolve quite rapidly. Indeed, a strong and positive link was found between current recombination rates and substitution patterns (Meunier and Duret 2004) , consistent with the view that recombination drives GC content in the human genome. We report the same result using a different approach (processed pseudogenes) and extend this to the mouse. To our knowledge, this is the first time that a large-scale effect of recombination is shown in the mouse genome. Under the GC-BGC hypothesis, GC content increases with the rate of gene conversion. One limit of our approach is that we did not use the rate of gene conversion. Assuming that gene conversion is positively correlated with the rate of CO (Jeffreys and Neumann 2002) , a positive link is expected between the rate of CO (the recombination rate) and the evolution of GC content. We found such a relation in our results. However, recent studies are against our assumption and suggested that the rate of gene conversion is not correlated with the rate of CO in human chromosome 21 (Padhukasahasram et al. 2004 ) and negatively correlated in Drosophila (Andolfatto and Wall 2003) . But the local pattern of gene conversion is poorly known in mammalian genomes, so no strong conclusion can be given for the correlation between the rate of CO and the rate of gene conversion, and our hypothesis still remains valuable. Moreover, gene conversion not only occurs during CO events but also can be observed independently. Kauppi and colleagues (2004) have demonstrated that the rate of gene conversion outside CO is 4 to 15 times higher than the rate of gene conversion inside CO. Recent works have demonstrated that GC-BGC can increase GC content very quickly (Belle et al. 2004; Kudla et al. 2003; Galtier 2004; Webster et al. 2005) . The rate of gene conversion is 100 times higher than the rate of neutral substitutions in mammalian genomes (Kudla et al. 2004 ), which could be enough to induce a tremendous change in GC content and in isochore structure. All this evidence is in favor of the hypothesis that the effect of gene conversion on mammalian genomes is underestimated. As soon as reliable data are available, it should be possible to test directly the link between the rate of gene conversion and GC content evolution.
Evolution of Isochore Structure in Mammalian Genomes
The isochore structure is vanishing in mammalian genomes, according to recent studies (Duret et al. 2002; Arndt et al. 2003b; Belle et al. 2004 ). Moreover, Meunier and Duret (2004) have demonstrated that the current substitution pattern in human genome should lead to a new isochore structure, with a lower GC mean and a lower variance. Our data show the same erosion for the GC content at equilibrium. The mean GC content at equilibrium is lower than the ancestral GC content in processed pseudogenes (34.4 versus 47.7 in human and 40.0 versus 51.6 in mouse). Processed pseudogenes are more likely subjected to the same AT substitution bias observed in the human genome (IHGSC 2001) . The differences of GC* (DGC*) between LR and HR are approximately the same in both species (4.9% in human and 4.8% in mouse). Some processed pseudogenes are evolving toward a high GC content at equilibrium and others toward a low GC content at equilibrium, though we demonstrated that the ancestral GC content is not significantly different among LR, MR, and HR regions. The former result supports the hypothesis that isochores, in the human and the mouse genomes, are evolving toward a new structure. More recent processed pseudogenes, from our previous dataset, were analyzed (divergence lower than 3% for the human and 5% for the mouse). They are more likely to have evolved under the current recombination rate. The DGC* between LR and HR regions is 12.2% (31.2% versus 43.4%) in the human genome and 16.4%
(39.6% versus 56%) in the mouse genome. As expected, the effect of recombination on GC change is stronger for very recent processed pseudogenes. All of these results are in agreement with the view that current isochores are vanishing and that a new isochore structure is emerging.
The Effect of BGC
The efficiency of BGC depends on several factors (for review see Nagylaki 1983; Marais 2003) : (1) H, the level of heterozygosity, which is directly related to the effective population size (Ne); (2) c, the rate of conversion, which is the probability per generation that a given site is affected by a gene conversion tract of length L (c was estimated as 3 · 10 )5 for human and 2 · 10 )6 for mouse [for review see Marais 2003 ]); and (3) c, the bias in favor of the GC allele. We found that the GC* is higher in mouse than in human, whereas the mouse recombination rate is lower than the human one, suggesting a higher efficiency of BGC in the mouse genome. To explain this and given the values of c, we can only assume that c, Ne, or both are higher in the mouse genome. Ne was estimated to be approximately 10,000 in the human lineage (Takahata et al. 1995; Zhao et al. 2000; Yu et al. 2003; Keightley et al. 2005 ) and between 450,000 and 810,000 in the mouse lineage (Keightley et al. 2005) . These values are in agreement with our results. c is known in the human genome (Birdsell 2002) but not in the mouse genome. Estimation of c in the mouse genome and a precise estimation of c in both genomes would help us to determine whether BGC can explain differences in substitution patterns among mammals.
